A simple, high-yield and rinsing-free method is used in this work to prepare Pt nanoparticles with a size of approximately 2 nm, which are successfully supported on free-standing TiO 2 nanotubes (TNTs) synthesized by a simple two-step anodization method with titanium metal foil. Field-emission scanning electron microscopy images indicate that in the case of 30 V for 90 min, the inner diameter of as-synthesized TNTs is 60-70 nm and the length is approximately 1.9 mm. Electrochemical experimental results clarify that the Pt/TNTs/C catalyst has higher electrochemically active specific surface areas and better catalytic activity toward methanol electro-oxidation compared with the Pt/C and Pt/TNTs catalysts. What's more important, catalytic activity of Pt/TNTs/C is drastically enhanced under light illumination, with the mass activity of 525.0 mA mg Pt À1 , 1.47 times higher than that in the dark (357.4 mA mg Pt
Introduction
Direct methanol fuel cells (DMFCs) have attracted much attention as power sources for portable devices and fuel-cell vehicles due to their good power efficiency, low operation temperature, and easy transportation and storage of methanol compared with H 2 gas fuel cells.
1 Pt-based catalysts supported on carbons play a signicantly important role in catalyzing methanol oxidation reaction (MOR).
2 However, there are still a lot of challenges facing the wide commercialization of the applications of Pt-based catalysts, such as high cost, low catalytic efficiency and poisoning effect. [3] [4] [5] Recently, various kinds of electrocatalysts were developed to enhance the MOR performance, among which, metal oxides promoted Pt-based catalysts have been considered to be quite active. It was reported that the involvement of metal oxides (such as TiO 2 The photoresponsive semiconductor metal oxides, among these oxides mentioned above, are of great interests. 15, 16, 21, 23, 26, 29, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] The anodic catalysts incorporating photoresponsive semiconductor evidently improve MOR peak current density in the presence of UV irradiation compared with those traditional Pt catalysts. Hybrid TiO 2 /CF/Pt-Ru catalyst (CF, carbon ber) for methanol electro-oxidation was developed to boost the performance of DMFCs in the presence of UV. 32 The atomic layer deposition (ALD), a kind of in situ synthesis method which can cause strong interface interaction, was used to combine the ZnO nanorods with Pt nanoparticles on the carbon cloth. And the Pt@ZnO/C electrode exhibited 90% higher methanol oxidation activity than commercial Pt catalysts. 15 Especially, the graphene nanosheets (GNs) or reduced graphene oxide (RGO) were considered as effective materials to extend light adsorption range and enhance photoresponsive effect of these semiconductor metal oxides by the formation of graphene-semiconductor nanostructure. graphene materials, which might be relatively unfavourable in the application.
It was reported that anodization of titanium metal foil to synthesis TiO 2 nanotubes is a simple way to obtain a high yield of products with vertical orientation arranged nanotube arrays. Nanostructured TiO 2 has great applicative potential in photoelectrochemical devices [46] [47] [48] [49] [50] [51] due to the large effective lightharvesting interface area and wide band gap. As is known to all, the TiO 2 is a kind of excellent photoresponsive material. What's more, the nanotube-like TiO 2 materials with larger specic surface area and abundant surface oxygen locus to generate -OH species were of great hot topics of photoelectrocatalyst. In this paper, TiO 2 nanotubes were chosen as the support material of Pt nanoparticles, in order to enhance their MOR activity under the light illumination.
Noble metal nanoparticles are widely used as electrocatalysts and photocatalysts, and recent years of intense efforts have seen an increasing interest in heterogeneous nanocomposites, which usually exhibit enhanced catalytic properties due to the synergistic effect among their different domains. 52 The heterogeneously structured nanomaterials usually exhibit enhanced catalytic properties in comparison with each one of the constituent materials due to the synergistic effect among their different domains.
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In this present work, the free-standing TiO 2 nanotubes were synthesized by a simple two-step anodization method with titanium metal foils and NH 4 F in ethylene glycol. A simple, high-yield and rinsing-free method, preparation of Pt nanoparticles with plasma sputtering in water, [54] [55] [56] [57] [58] was used. The electrochemical results indicated that TiO 2 nanotubes supporting Pt catalysts (Pt/C/TNTs) expressed a promoted activity toward methanol electro-oxidation under light illumination.
Experimental

Preparation of TiO 2 nanotubes
A two-step anodization method 59 was used in this work to prepare well-organized free-standing TiO 2 nanotubes (Fig. S1a †) . Prior to carrying out anodization, Ti foils (2 Â 3 Â 0.05 cm) were degreased by ultrasonic treatment in acetone, ethanol and deionized water for 15 min, respectively, and then dried at 60 C in air. Anodization was carried out in a twoelectrode system with a counter of stainless steel sheet. 0.5 wt% NH 4 F (Sinopharm Chemical Reagent Co., Ltd) in ethylene glycol (Sinopharm Chemical Reagent Co., Ltd) with 3 vol% H 2 O was used as electrolyte for anodization. The rst step of anodization on Ti foils was conducted under 30 V for 90 min. Aer anodization, samples were washed with deionized water and dried at 60 C in air, then annealed at 450 C for 2 h in air atmosphere and cooled slowly together with the furnace to room temperature. The second step of anodization on the annealed Ti foils was carried out under 30 V for 30 min in the same electrolyte, in order to obtain free-standing TiO 2 nanotube membrane. Aer the second-step anodization, the TiO 2 nanotube membrane detached from the Ti foil was treated with an ultrasonic bath for 5 min. Subsequently the free-standing TNTs were cleaned with centrifugation for three times to remove the residual ethylene glycol and NH 4 F, and then dried at 60 C in air. Therefore, the as-obtained TiO 2 nanotubes powder was dened as TNTs.
Synthesis of Pt nanoparticles
The method, synthesis of Pt nanoparticles by plasma sputtering in water, was similar to our previous works. [55] [56] [57] 60 Fig. S1b † shows the experiment setup for this method. Generally speaking, the Pt metal wires (F ¼ 1.0 mm) were served as opposite electrodes, and immersed into deionized water. The gap between two opposite electrodes was kept at about 0.3 mm. Discharge was generated using a high voltage pulsed DC power supply (repetition frequency: 10-20 kHz, pulse width: 1-2 ms, Kurita Co. Ltd., Japan). The water gradually changed from being colorless to dark grey with increasing discharge time. The yields of Pt nanoparticle can be controlled by adjusting the discharge time in this study. The as-synthesized Pt nanoparticles were well-dispersed in water.
Preparation of Pt/TNTs/C catalyst
The Pt-based catalysts were prepared by step-wise mechanical mixing process in deionized water. Firstly, 16 mg TNTs were put into the suspension containing 8 mg Pt nanoparticles with ultrasonic dispersion for 90 min to obtain homogeneous suspension of Pt/TNTs mixture. Secondly, a well-dispersed XC-72 suspension was put into the homogeneous suspension of Pt/TNTs mixture with stirring vigorously for 30 min and subsequently treated with ultrasound bath for 60 min to obtain homogeneous suspension of Pt/TNTs/C mixture. Then this mixture was dried at 45 C in air to obtain Pt/TNTs/C composite.
The mass ratio of Pt nanoparticles, TNTs and XC-72 carbon was xed to 1 : 2 : 4 (Pt loading of 14.3 wt%). And the Pt/TNTs and Pt/C composites with the Pt loading of 20 wt% were prepared as the same procedure mentioned above.
Characterization
The X-ray diffraction (XRD) measurements were carried out by a Rigaka Smartlab system with Cu Ka (l ¼ 1.5418Å) radiation operated at 30 kV and 40 mA to evaluated the crystal phase and the scanning rate of measurements was 8 min À1 . The morphology and structure of samples were studied by a eld-emission scanning electron microscopy (FE-SEM, ZEISS Ultra 55) and a transmission electron microscopy (TEM, JEOL JEM-2100F). X-ray photoelectron spectroscopy (XPS, Kratos AXIS ULTR DLD) with an Al X-ray source was carried out to detect the surface properties of the samples.
Electro-and photo-electrochemical measurements
6 mg Pt/TNTs/C composite was ultrasonically dispersed in 2 mL deionized water containing 20 mL Naon® solution (5 wt%, DuPont, USA) for at least 30 min to form a homogeneous catalyst ink. The Pt/TNTs and Pt/C catalysts ink were also prepared with 4.3 mg composites and 2 mL deionized water containing 20 mL Naon® solution. Electrochemical measurements were carried out in a three-electrode electrochemical cell 
Results and discussion
Characterization
Based on the results of our previous work, 55 the formation mechanism of Pt nanoparticles is shown in Fig. 1 , indicated by in situ light emission spectra, via solution plasma sputtering. Briey, Pt atoms were ejected into the plasma region from their electrodes by the bombardment of highly energetic electrons and radical particles (such as cOH, cH, O, O 2 À , and HO 2 ). Since the surfaces of Pt electrodes pair were bombarded continuously, Pt nanoparticles were formed in water by diffusion, growth, and condensation. And the size of as-prepared Pt nanoparticles is approximately 2-5 nm, on the basis of our previous TEM measurements. 55, 61 Fig. S2 † shows the XRD patterns of two Ti foils, which were directly obtained aer the rst anodization step and obtained aer annealing process, respectively. For both patterns (a) and (b) in Fig. S2, † Fig. 2b is approximately 1.9 mm (Fig. 2b) and the external diameter of TNTs is 78-85 nm (Fig. 2c) .
Aer the second anodization step, the as-prepared TNTs membrane detached from the Ti foil substrate. Fig. 3 exhibits the XRD patterns of the TNTs powder and the Pt/TNTs composite. For these two samples, the peaks at 25.3 , 37.0 , Fig. 1 Schematic diagram of the formation of Pt nanoparticles by solution plasma sputtering. Fig. S3d , † which could be advantageous to store electrolyte, providing a quick supply and short diffusion distance to accelerate the electrocatalytic kinetics.
The morphology of the Pt/TNTs composite was further determined by TEM in Fig. 4 . From the bright eld TEM image in Fig. 4a , the Pt nanoparticles are arranged in line on the surface of TNT, while the Pt nanoparticles with the size of 2 nm could be well-dispersed on the surface of XC-72 carbon without aggregation. 55 Sui et al. have also reported this phenomenon that the Pt nanoparticles would tend to be arranged in line on the TNTs' surface. 10 In Fig. 4b , it can be distinctly observed that the arrangement of Pt nanoparticles on TNTs' surface presents an extension trend from the surface to outward. Furthermore, from the HR-TEM image in Fig. 4c , the Pt nanoparticles on TNTs' surface with a size range of 2-5 nm present the different lattice orientations of the (111) plane with the lattice plane spacing of 0.226 nm. It could be assumed that these Pt nanoparticles in line on TNTs' surface would exhibit outstanding catalytic ability, but it should be further proved by electrochemical measurements. for the Pt/C and Pt/TNTs/C composites. The peaks of C 1s and O 1s can be found at 284.4 eV and 532.4 eV, respectively. The Ti element is clearly detected in the Pt/TNTs/C sample. Furthermore, the peak at approximately 71.3 eV and the paired peaks at 315.5 eV & 331.8 eV are corresponded to the Pt 4f and Pt 4d, respectively. In the comparison with Pt/C, the distinctly enhanced Pt signal of Pt/TNTs/C was detected, and the surface Pt to C mass ratios calculated from XPS spectrum for the Pt/C and Pt/TNTs/C samples are 0.09 and 0.183, respectively, indicating that the addition of TNTs causes the Pt nanoparticles to be distributed more uniformly on the surface of supporting materials. As depicted in Fig. S4b , † the binding energies of Pt 4f for the Pt/C and Pt/TNTs/C samples are 71.4 eV & 71.55 eV (Pt 4f 7/2 ) and 74.7 eV & 74.9 eV (Pt 4f 5/2 ), respectively. Compared with the binding energies of Pt 4f for Pt/C, the values for Pt/TNTs/C present a slightly positive shi, on account of the relatively strong interaction between Pt and TNTs. And according to the spectra of Pt 4f, the intensity of Pt 4f peak for Pt/TNTs/C is denitely stronger than the value of Pt/C, which is in agreement with the observation of wide survey. The Ti 2p XPS spectra of the Pt/TNTs/C sample is shown in Fig. S4c . † The two peaks at 459.6 eV and 465.3 eV can be assigned to Ti 2p 3/2 and Ti 2p 1/2 , respectively. The peak separation between Ti 2p 3/2 and Ti 2p 1/2 lines is 5.7 eV, which is consistent with the +4 oxidation state of Ti. 
Electro-and photo-electrochemical measurements
CVs for the Pt/C, Pt/TNTs and Pt/TNTs/C samples were carried out in 0.5 mol dm À3 H 2 SO 4 and the results are shown in Fig. 5 .
All the curves in Fig. 5a , except the sample of Pt/TNTs, present the typical hydrogen adsorption-desorption peaks (within the potential range from À0.2 V to 0.1 V) and reduction peaks for platinum oxide (within the potential range from 0.3 V to 0.7 V). Electrochemically active specic surface areas (ECSA) of Ptbased catalysts are obtained with the measurements of the hydrogen adsorption-desorption (HAD) integrals. The ECSA of as-prepared catalysts can be easily calculated via the equation below with coulombic charges accumulated during HAD aer correcting for the double-layer charging current from the CVs:
where Q H (millicoulomb, mC) represents the charge due to the hydrogen adsorption/desorption in the hydrogen region of the CVs. (Fig. S4 †) , this nding could be related to the more amount of exposed Pt nanoparticles at the surface of supporting materials resulted from the tubular structure of TNTs. However, the Pt/TNTs sample can hardly show any ECSA for HAD, which may be caused by the poor electric conductivity of bare TiO 2 . Fig. 5b shows the catalytic activity toward methanol electrooxidation of the Pt/C and Pt/TNTs/C catalysts with CVs in a solution of 0.5 mol dm À3 H 2 SO 4 containing 1.0 mol dm À3 CH 3 OH. The CV curves of the Pt-based catalysts for methanol electro-oxidation basically includes two anodic peaks, the forward peak and backward peak. The forward peak current density (normalized by the loading of Pt metal) dened as the mass activity that is normally used to evaluate the catalytic activity. It can be seen that the value for Pt/TNTs/C is 357.4 mA mg Pt À1 , 1.4 times higher than the value of Pt/C (252.8 mA mg Pt À1 ), suggesting that the catalytic activity of the Pt/TNTs/C catalyst is much better than that of Pt/C catalysts. What is noteworthy is that this relatively lower ECSA increase (1.27 times) causes a larger increase of mass activity for methanol electro-oxidation (1.4 times). And it can be easily found that the onset oxidation potential of forward anodic peak presents a slightly negative shi with the addition of TNTs indicating that the MOR is easier to perform on the Pt/TNTs/C than on the Pt/C catalysts. These two phenomena imply the metal-support electronic interaction and bifunctional effect between Pt nanoparticles and TNTs, which is in agreement with the observation in XPS measurements. From the all above, the enhanced catalytic performance of the Pt/TNTs/C catalysts may result from the following factors. Firstly, this Pt/TNTs/C catalyst has more electrochemical active sites than Pt/C catalyst, as evidenced by the larger ECSA of the former catalyst. 12 Secondly, the relatively strong metal-support interaction between Pt and TNTs support, as evidenced by the positively shied binding energies of Pt 4f in Pt/TNTs/C catalyst, could result in lower bonding strength between Pt and CO-like species and thus enhance MOR activity on Pt surface.
14 Third, TiO 2 can supply the rich active -OH species, which are able to remove the CO-like intermediate species adsorbed on Pt surface and thus enhance the MOR kinetics through the bifunctional mechanism.
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Given the fact that TiO 2 is an effective photo-responsive semiconductor with a wide band gap of 3.0-3.2 eV, the light illumination effects on Pt/TNTs/C toward methanol electrooxidation were also investigated in this work. Fig. 6a shows that the mass activity toward methanol electro-oxidation of the Pt/TNTs/C catalyst increase drastically under light illumination. The Pt/TNTs/C catalyst exhibits remarkably enhanced mass activity of 525.0 mA mg Pt À1 under light illumination, 1.47 times higher than the value of the same catalyst and 2.07 times higher than the value of Pt/C catalyst in dark, suggesting that the Pt/ TNTs/C exhibits higher catalytic activity toward MOR under light illumination. CA measurements on the Pt/C and Pt/TNTs/ C catalysts at 0.6 V in a solution of 0.5 mol dm À3 H 2 SO 4 containing 1.0 mol dm À3 CH 3 OH were also carried out to further evaluate the light illumination effects for MOR. The corresponding CA curves are shown in Fig. 6b . The current of all the catalysts decay rapidly during the earlier minutes due to the accumulation of CO-like intermediate poisonous species. As shown in Fig. 6b , the current declining rate of decay section for the Pt/TNTs/C catalyst under light illumination is the smallest among these three curves, which indicates that Pt/TNTs/C under light illumination shows the best tolerance performance toward CO-like intermediate poisonous species. It is noteworthy that, without light illumination, the Pt/TNTs/C also possesses a relatively slower current declining rate than Pt/C during the earlier minutes, demonstrating that Pt/TNTs/C has better electro-catalytic stability toward MOR and enhanced tolerance performance toward CO-like species in dark compared with the Pt/C catalyst, which agrees well with the analysis of CVs curves in Fig. 5b . For the sake of guring out the reasons for the improvement of methanol electro-oxidation performance of the Pt/TNTs/C catalyst under light illumination, CA measurement was carried out on bare TNTs sample, and CV measurements were also carried out on Pt/TNTs catalyst without any carbon materials. CA curve measured on the TNTs sample at 0.6 V by turning the light on/off in 0.5 mol dm À3 H 2 SO 4 is shown in Fig. 7a . As we all know, TiO 2 is a type of corrosion-proof oxides which could stably exist in dilute sulfuric acid. The observed current under light illumination in CA measurement on TNTs could be attributed to the double layer charging current and the photogenerated current, as the current increased sharply when the light was turned on and dived when the light was turned off. It can be found that the average photo-generated current density is approximately 0.3 mA, which is extremely smaller compared with the current of methanol electro-oxidation. Fig. 7b shows the CV curves measured on the Pt/TNTs catalyst under light illumination and in dark in 0. can be split apart more efficiently, which can increase the photo-generated current. Anyhow, according to the observations described above, the increase of mass activity of the Pt/ TNTs/C catalyst under light illumination (Fig. 6a) is partly resulted from the photo-generated current which caused by the TNTs under light illumination. From the CV curve of Pt/TNTs catalyst in dark in Fig. 7b , it can be clearly detected that there is neither evident forward peak nor backward peak, which can be attributed to the low electrical conductivity of the assynthesized TiO 2 sample. However, under light illumination, the CV curve of the Pt/TNTs catalyst shows two characteristic anodic peaks of methanol electro-oxidation, which could be attributed to the improvement of conductivity of TNTs caused by optical excitation and positive applied bias on Pt/TNTs catalyst.
29
To sum up the analysis of photo-electrochemical measurements, the improvement in the methanol electro-oxidation performance under light illumination can be partly attributed to the photo-generated current caused by TNTs support. Furthermore, it is supposed that the enhancement of methanol electro-oxidation performance depends greatly on the Fig. 6 (a) 
Therefore the methanol electro-oxidation performance of the Pt/TNTs/C catalyst would increase a lot under light illumination. What's more, the methanol not only acts as a sacricial electron donor to scavenge the h + s but also can promote the formation of methoxy radicals, which could further inject electrons to increase the current, known as the "current doubling effect". 15 The photocatalytic oxidation of methanol if adopted in a fuel cell should provide a good additive effect to boost the current generation. Thirdly, the as-prepared TNTs' surface is disordered and the electrolyte would be stored in the lacunes between these disordered structures, which provides a quick supply and short diffusion distance to accelerate the electrocatalytic activity. Generally speaking, it is reasonable that the enhancement of methanol electro-oxidation performance by TNTs support with disordered surface.
Conclusion
In summary, Pt nanoparticles with the particle size of ca. 3 nm were successfully prepared by plasma sputtering in water in this work, which is a simple, high-yield and rinsing-free method. And the well-organized free-standing TiO 2 nanotubes with the inner diameter of 60-70 nm were synthesized by a simple twostep anodization method with titanium metal foil. The liningarranged Pt nanoparticles on TNTs' surface, the strong metalsupport interaction between Pt and TiO 2 , the disordered surface structure of TNTs and the higher ECSA of Pt/TNTs/C result in a much higher catalytic activity and stability toward methanol electro-oxidation. What's more, the synergistic effects of photo-assisted electro-catalysis toward methanol electrooxidation are realized successfully under light illumination, drastically improving the catalytic performance on Pt/TNTs/C for methanol oxidation. To sum up the analysis of photoelectrocatalysis performance, the improvement in the conductivity of catalyst, the alleviating CO ads poisoning role of the photo-generated h + s and the photo-generated current from TiO 2 cause the drastic improvement of activity toward methanol electro-oxidation under light illumination. The nding here will be of signicance in attaining basic knowledge of photoassisted electrocatalysis and provides a new strategy to fabricate photo-electro Pt-based catalysts for DMFCs anodic reaction. 
